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31The advances in personalised medicine increased the demand for a fast, accurate and reliable production
32method of tablets that can be digitally controlled by healthcare staff. A flexible dose tablet system is pre-
33sented in this study that proved to be suitable for immediate and extended release tablets with a realistic
34drug loading and an easy-to-swallow tablet design. The method bridges the affordable and digitally con-
35trolled Fused Deposition Modelling (FDM) 3D printing with a standard pharmaceutical manufacturing
36process, Hot Melt Extrusion (HME). The reported method was compatible with three methacrylic poly-
37mers (Eudragit RL, RS and E) as well as a cellulose-based one (hydroxypropyl cellulose, HPC SSL). The
38use of a HME based pharmaceutical filament preserved the linear relationship between the mass and
39printed volume and was utilized to digitally control the dose via an input from computer software with
40dose accuracy in the range of 91–95%. Higher resolution printing quality doubled the printing time, but
41showed little effect on in vitro release pattern of theophylline and weight accuracy. Physical characteri-
42zation studies indicated that the majority of the model drug (theophylline) in the 3D printed tablet exists
43as in a crystal form. Owing to the small size, ease of use and the highly adjustable nature of FDM 3D print-
44ers, the method holds promise for future individualised treatment.
45� 2015 Published by Elsevier B.V.
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50 1. Introduction

51 Personalised medicine provides patients with a superior treat-
52 ment that takes into consideration their pharmacogenomics,
53 anatomical and physiological particulars [1]. One major clinical
54 aspect of personalised medicine is individualising the dose to suit
55 an individual patient’s need. In the United States, 30 million
56 prescriptions are prepared annually by 3000 compounding
57 pharmacies [2]. The most common dispensing problems facing
58 these pharmacies were prescribing commercially unavailable drug
59 combinations and strengths [3]. It is of significant importance to
60 replace standardised dose tablet regimes with a dynamic-dose dis-
61 penser, which provides rapid and effective manufacturing for indi-
62 vidual patient’s needs.

63For a tablet preparation method that meets the demands of per-
64sonalised medicine, a safe and easily adjustable dispensing station
65must be created. The station should be operated via a simple user
66interface with minimal operation training required and can be con-
67nected to the wider healthcare network [4]. Clearly, such criteria
68cannot be fulfilled by conventional tableting methods, where mul-
69tiple processing stages, large batches, use of costly facilities and
70experienced personnel are needed. This renders tailoring standard
71tabletting systems for personalised tablet manufacturing impracti-
72cal when continuous modification to the doses is necessary.
73The use of 3D printing as a flexible alternative method to con-
74ventional tableting techniques was first developed using powder-
75based 3D printing technologies [5–8]. Other printing techniques
76such as inkjet printing [9], thermal inkjet printing [10], piezoelec-
77tric inkjet printing system [11], selective laser sintering [12], stere-
78olithography [13] and syringe/extrusion 3D printing [14] have also
79been investigated.
80Fused Deposition Modelling (FDM) is a widely used and afford-
81able bench top 3D printing technique. The potential of FDM-based
823D printers to incorporate drug molecules have already been
83investigated using commercially available PVA filaments [15–17].
84Our research group showed the potential of this printing
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85 technology to provide a mini-dispensing dose controlling station
86 by manipulating the volume of the printed design through an order
87 from computer software [4]. Nevertheless, previous attempts with
88 FDM-based 3D printing displayed several limitations such as lim-
89 ited drug loading, the use of non-pharmaceutical grade ingredi-
90 ents, high temperature [4,16–18] and basic tablet designs.
91 Pharmaceutical examples of FDM 3D printing were only confined
92 to two polymers and extended drug release patterns
93 [4,16,17,19,20].
94 In this study, a combined approach of manufacturing 3D printed
95 tablet based on FDM 3D printing and Hot Melt Extrusion (HME) is
96 presented. Theophylline was chosen as a thermo-stable model
97 drug [21] and is commercially available as extended release formu-
98 lation with dose range of 60–300 mg [22]. The potential of exploit-
99 ing this approach to accurately control the dose of theophylline

100 using a number of widely used immediate and extended release
101 polymers in oral drug delivery was explored. The study was also
102 carried out using a realistic drug loading (50%) with an easy-to-
103 swallow caplet design.

104 2. Materials and methods

105 2.1. Materials

106 Theophylline was purchased from Arcos (UK). Eudragit RL100
107 and RS100 were donated by Evonik Industries (Darmstadt,
108 Germany). Hydroxypropyl cellulose (SSL grade) was provided by
109 Nisso Chemical Europe GmbH (Dusseldorf, Germany). Triethyl
110 citrate (TEC) and triacetin were supplied by Sigma–Aldrich (UK).
111 Scotch blue painter’s tape 50 mm was supplied by 3 M
112 (Bracknell, UK).

113 2.2. Preparation of theophylline loaded filaments via hot-melt
114 extrusion

115 A MakerBot Replicator� 2X Experimental 3D Printer (MakerBot
116 Industries, LLC, New York, USA) was utilized to print theophylline
117 tablets. In order to fabricate drug-loaded filaments, a hot melt
118 extrusion method was implemented using a Thermo Scientific
119 HAAKE MiniCTW extruder (Karlsruhe, Germany).
120 The compositions of the mixtures of drug, polymer and plasti-
121 cizer are detailed in Table 1. Approximately 6 g of each drug poly-
122 mer and plasticizer blend was accurately weighed and added
123 gradually to the counter flow twin-screw extruder. The molten
124 mass was homogenised for at least 5 min to allow homogeneous
125 distribution of the drug and the polymer(s). The specific tempera-
126 ture of initial feeding and extrusion for each filament are shown in
127 Table 1. The extrusion was carried out through a die nozzle with
128 cylindrical shape and a 1.5 mm diameter using a torque control
129 of 0.6 N m. Filaments were stored in sealed plastic bags at room
130 temperature before 3D printing.

1312.3. Tablet design and printing process

132Blank and theophylline loaded tablets were designed in caplet
133shape using Autodesk� 3ds Max� Design 2012 software version
13414.0 (Autodesk, Inc., USA) and saved in STL format (Fig. 1C). The
135design was imported to the 3D printer’s software, MakerWare
136Version 2.4.0.17 (Makerbot Industries, LLC., USA) (Fig. 1). A series
137of tablets with increasing volume was printed by modifying the
138dimensions of the design: Length �Width � Heights (L, W, H)
139without altering the ratios between these dimensions (W = 0.364
140L, H = 0.396 L).
141The volume of the rectangular prism that contains the tablet
142design (v) was calculated as:
143

v ¼ LWH ¼ L 0:364L 0:396L ¼ 0:144144 L3 ð1Þ 145145

146In order to correlate the volume of the design and the mass of
147the printed tablet (M), a series of tablets of increased volume were
148printed and accurately weighed. A linear equation was established:
149

M ¼ 0:7433 V � 9:8967 ð2Þ 151151

152

M ¼ 0:10714 L3 � 9:8967 ð3Þ 154154

155Since the theoretical loading of the filament is 50% of its mass,
156the dose D (mg) is calculated as:
157

D ¼ 0:5 M ð4Þ 159159

160where M is the mass of the tablet. Therefore, the required dimen-
161sion (L) to achieve a target dose (D) can be calculated as:
162

L ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Dþ 9:8967
0:10714

3

r
ð5Þ 164164

165A series of tablets was printed according to Eq. (5) to achieve a
166target dose (D) of 60, 120, 200, 250 and 300 mg. Table 2 provided
167details of dimensions, expected and measured mass of these
168tablets.

1692.4. Modification of 3D printer

170A MakerBot Replicator� 2X Experimental 3D Printer (MakerBot
171Industries, New York, USA) was utilized to fabricate the caplet
172design. Tablets were printed using modified settings of the soft-
173ware for PLA filament as follows: type of printer: Replicator 2X;
174type of filament: PLA; resolution: standard; temperature of build-
175ing plate: 20 �C; speed of extruder 90 mm/s while extruding and
176150 mm/s while traveling; infill: 100%; height of the layer:
177200 lm. No supports or rafts were utilized in the printed model.
178The following modifications were implemented:

179(i) Kapton tape layer (default) provided poor adhesion of the
180designs to the built plate. Blue Scotch painter’s tape was
181applied to the surface of the printing board to improve adhe-
182sion to the surface layer.

Table 1
Processing parameters for filament production using HME and subsequent 3D printing.

Formulation (weight ratio) HME process 3D Printing process

Initial temperature
(�C)

Extruding temperature
(�C)

Extruding temperature
(�C)

Platform temperature
(�C)

Eudragit RL/Theophylline/TEC 45/50/5 130 120 170 90
Eudragit RS/Theophylline/TEC 42.5/50/7.5 130 110 150 60
Eudragit E/Theophylline/TEC 46.5/50/3.5 130 110 140 60
Eudragit RL/Eudragit RS/Theophylline/TEC 22.5/22.5/50/5 130 120 150 90
HPC SSL/Theophylline/Triacetin 46/50/4 125 110 160 60
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